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ABSTRACT
VLT/NaCo angular differential imaging at L ’ (3.8 µm) revealed a probable giant planet co-
moving with the young and early-type HD95086 also known to harbor an extended debris disk.
The discovery was based on the proper motion analysis of two datasets spanning 15 months.
However, the second dataset suffered from bad atmospheric conditions, which limited the signifi-
cance of the re-detection at the 3σ level. In this Letter, we report new VLT/NaCo observations of
HD 95086 obtained on 2013 June 26-27 at L ’ to recover the planet candidate. We unambiguously
redetect the companion HD95086b with multiple independent pipelines at a signal-to-noise ratio
greater than or equal to 5. Combined with previously reported measurements, our astrometry
decisively shows that the planet is comoving with HD 95086 and inconsistent with a background
object. With a revised mass of 5 ± 2 Jupiter masses, estimated from its L ’ photometry and
“hot-start” models at 17±4 Myr, HD95086b becomes a new benchmark for further physical and
orbital characterization of young giant planets.
Subject headings: planets and satellites: detection — stars: individual (HD 95086) — instrumentation:
adaptive optics
1. Introduction
We reported in Rameau et al. (2013) the dis-
covery of a probable 4 − 5 MJup giant planet at
∼ 56 AU (projected separation) from its host-
star HD95086 (A8, 90.4 pc). The star belongs
to the 17 ± 4 Myr old Lower Centaurus Crux
association (Pecaut et al. 2012; Meshkat et al.
2013b). Based on two observing epochs acquired
in January 2012 and March 2013, we showed that
Electronic adress: julien.rameau@obs.ujf-grenoble.fr
Based on observations collected at the European Organ-
isation for Astronomical Research in the Southern Hemi-
sphere, Chile, under programs number 291.C-5023.
the detected point-source was likely comoving
with HD95086. However, the confirmation re-
mained ambiguous owing to poor redetection at
the 3σ level in March 2013. Additional obser-
vations at Ks-band (2.18 µm), and even more
recently in H-band (1.6 µm) with Gemini/NICI
(Toomey & Ftaclas 2003) indicate very red colors,
Ks-L ’≥ 1.2 mag and H-L ’≥ 3 mag (Rameau et al.
2013; Meshkat et al. 2013b). These colors are
compatible with a cool and dusty planetary at-
mosphere. This allowed us to further reject a
contamination by a background source. The com-
panion L’ apparent flux and colors upper limit are
compatible with the predictions of the “hot-start”
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DUSTY evolutionary models (Chabrier et al.
2000) whose color and absolute predictions were
recomputed using BT-Settl atmospheric models
(Allard et al. 2012) for a mass below 5 MJup.
We re-observed the system on June-26th and
27th using VLT/NaCo with the aim of redetecting
HD95086b with a high level of confidence and to
constrain its proper motion relative to HD95086.
2. Observing strategy and image process-
ing
2.1. Observations
To optimize the detection of the faint signal
around HD95086 and perform high-precision rela-
tive astrometry, we observed the star with exactly
the same instrumental set-up as in the discovery
observations. VLT/NaCo (Rousset et al. 2003;
Lenzen et al. 2003) was used in pupil-tracking
mode to enable ADI. The observations were car-
ried out at L ’-band (λ = 3.8 µm, ∆λ = 0.62 µm),
with the L27 camera (≃ 27.1 mas/pixel) with
2 × NDIT (number of frames) short (0.2 s) ex-
posures at each of the four-dither position. The
faintness of the target as well as the high airmass
prevented us from obtaining saturated exposures
to achieve higher dynamical range. A short set
of unsaturated exposures using a neutral density
filter (attenuation of 4.36 ± 0.1 mag) was taken
at the beginning of the observing sequence (PSF).
The Full-Width-at-Half-Maximum (FWHM) mea-
sured on the PSF was of ∼ 3.5 px.
Data were acquired on June-26th and 27th.
The observing set up and conditions are detailed in
Table 11. On June 26th, although the conditions
were stable, the field rotation was 12 deg, which
corresponds to a rotation of only 1.3 FWHM at
the expected projected separation of the signal,
i.e. ∼ 620 mas. On June 27th, the amplitude of
the field rotation was increased (26.7 deg) but the
conditions were slightly less stable.
The astrometric binary IDS 1307 (van Dessel & Sinachopoulos
1993) was observed on July 7th in field-tracking
mode to calibrate the instrument platescale and
orientation. IDS 1307 was recalibrated on the θ1
Ori C field (used in January 2012 and March 2013)
thanks to contemporaneous observations of both
1We also recall the log of the two first datasets in January
2012 and March 2013.
fields obtained in January 2012.
2.2. Data reduction and analysis
In order to avoid systematics or biases from
the image processing and ensure a robust de-
tection, five independent pipelines were used to
reduce the data. They are described in de-
tail in Boccaletti et al. (2012) (hereafter LESIA),
Currie et al. (2012) (hereafter A-LOCI), Meshkat et al.
(2013a) (hereafter Leiden), Amara & Quanz (2012)
(PynPoint), and Lagrange et al. (2010)/Chauvin et al.
(2012) (IPAG-ADI).
Each pipeline processed the data in a similar
way for the first steps (flat-fielding, bad/hot pixel
removal, sky-subtraction, registration, and frame
selection) to create a mastercube of the individual
frames together with the list of associated paral-
lactic angles. Several frames affected by bright
waffle modes and bright spiders were also rejected.
The main differences between the pipelines
resides in the way the stellar-halo is estimated
and subtracted from the mastercube, by using
different ADI flavours and different set of pa-
rameters. Standard ADI algorithms were ap-
plied and we show the results of cADI and
sADI (Marois et al. 2006) applied with IPAG-
ADI, A-LOCI (Currie et al. 2012) (adapted from
Lafrenie`re et al. 2007), and the most recent PCA-
based methods (Amara & Quanz 2012; Soummer et al.
2012) applied with Leiden, LESIA, and Pyn-
Point. Finally, the residual frames were aligned
with the true-North to the vertical and combined
by mean averaging.
The different ADI techniques produce a high va-
riety of residual images with different speckle in-
tensities and distributions (see Figure 1). This
difference also affects the planet’s photometry.
Using the different pipelines helped to overcome
the possible biases related to each algorithm.
In the IPAG-ADI pipeline, the astrometry and
photometry were derived as in the discovery paper,
following the injection of artificial planets as de-
scribed in Lagrange et al. (2010); Chauvin et al.
(2012). In the remaining pipelines, the astrom-
etry was estimated by fitting the planet’s signal
with a two-dimensional Gaussian or Moffat func-
tion. The systematic bias between the two meth-
ods was estimated to be less than 0.7 px using the
IPAG pipeline.
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Table 1: Observing log of HD95086 with VLT/NaCo.
Date Cam./Filter DIT × NDIT Nexp π-start/end 〈Airmass〉
a 〈̟〉a 〈τ0〉
a 〈Ec〉
a Ref.
(s) (deg) (′′) (ms) (%)
11-01-2012 L27/L ’+ND 0.2 × 80 10 -9.32/-8.19 1.39 0.75 3.6 61 Rameau et al. (2013)
11-01-2012 L27/L ’ 0.2 × 100 156 -7.59/16.96 1.39 0.76 3.5 58 Rameau et al. (2013)
14-03-2013 L27/L ’ 0.2 × 100 162 3.20/28.18 1.41 1.77 1.0 37 Rameau et al. (2013)
14-03-2013 L27/L ’+ND 0.2 ×80 10 29.61/30.68 1.44 1.65 0.9 32 Rameau et al. (2013)
26-06-2013 L27/L ’+ND 0.2 × 80 10 41.0/42.0 1.50 1.00 3.1 54 this work
26-06-2013 L27/L ’ 0.2 × 100 96 42.5/55.3 1.55 1.08 2.8 45 this work
27-06-2013 L27/L ’ 0.2 × 80 10 28.0/29.1 1.44 1.17 1.4 28 this work
27-06-2013 L27/L ’ 0.5 × 100 186 29.6/58.9 1.53 1.02 1.6 47 this work
Note.—“ND” refers to the NaCo ND Long filter (transmission of ≃ 1.79 %),‘DIT” to exposure time, and π to the parallactic angle
at start and end of observations.
aThe airmass, the seeing ̟, the coherence time τ0, and the coherent energy Ec are estimated in real time by the adaptive-optics system
and averaged here over the observing sequence.
The main errors on the position of the com-
panion came from the intrinsic measurement of
the source position (0.4 px measured by inject-
ing ten artificial planets at the same separation as
the companion but different position angles and
estimating the effect of the surrounding residuals
and procedures.), the star position (0.1 px esti-
mated from a series of tests with random shifting
of the mastercube and registration as done with
the IPAG-ADI pipeline), and finally the astromet-
ric calibration (0.1 px). The quadratic sum of the
error sources lead to an uncertainty of 0.42 px.
The point-source photometric errors resulted from
the uncertainties on the measurements of the sig-
nal brightness (0.7 mag estimated as for the po-
sition), the PSF variability (0.3 mag), and the
neutral density transmission (0.1 mag). Added
quadraticaly, we ended up with 0.8 mag of un-
certainty.
The signal-to-noise ratio (S/N) was computed
following the same approach as in Rameau et al.
(2013). The noise-per-pixel was derived from
the standard deviation computed in a ring of 1-
FWHM width, centered on the star, with a radius
equal to the planet-star separation. The planet
was also masked within the ring to compute the
noise. The flux of the planet was integrated over
a 1-FWHM aperture in diameter. The final in-
tegrated signal-to-noise (S/N) was computed on
the same aperture size considering the noise-per-
pixel and aperture size in pixels for renormaliza-
tion. We tested to change the size of both aperture
and coronae to check the effect on the S/N . All
measurement were consistent with the ones from
the 1-FWHM adopted value. Although there is
probably no optimal way to estimate the S/N in
the speckle dominated regime, the same method
was applied for each pipeline and each dataset.
However, the purpose is not to directly compare
the pipelines with their S/N values but rather
strengthen the detection.
3. An unambiguous comoving companion
around HD95086
3.1. Redetection
In the 26-06-2013 data, we were able to
marginally redetect the signal with all algorithms
and pipelines (see cADI example on Figure 1, top-
left, with a S/N between two and four). No other
bright point source is seen in the residual maps.
Nonetheless, given the low S/N, this dataset alone
does not allow a firm confirmation of the planet.
We therefore focus our analysis on the data and
outputs from the 27-06-2013 observations. Only
this dataset is used in the following analysis. De-
tails of the algorithm parameters are provided in
Table 2.
Figure 1 displays the residual maps with the re-
covery of HD 95086b. Some speckles have a high
intensity but the planet’s signal (South-East) is
the only one which systematically appears to each
pipeline and ADI-flavour. The planet’s signal may
look different because of first, it is being self-
subtracted to different levels and second, different
flux levels adopted in each image.
All the five independent pipelines recover the
planet’s signal at the expected position with S/N
higher than five and using the same method for
the S/N calculation on the final processed images.
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Table 2: ADI algorithms and associated parameters on the reduction of the 27-06-2013 data.
Algorithm Parameters S/N Ref.
IPAG/sADI r = 600 mas, Nδ = 1 (FWHM), depth = 6 frames 7 Lagrange et al. (2010)
LESIA/PCA 7 modes out of 534 6.5 Boccaletti et al. (2012)
Leiden/PCA 15 modes out of 185 5 Meshkat et al. (2013a)
A-LOCI Nδ = 0.7 (FWHM), g = 1, dr = 11, NA = 35, rcorr = 0.16 13 Currie et al. (2012)
PynPoint 40 coefficients out of 15172 7.5 Amara & Quanz (2012)
Note.—The S/N cannot be used to directly compare each pipeline and reduction algorithm since the distribution and level of the
noise is different in each case (For PynPoint, the detection was clear and served its main purpose so there was no need to increase the
S/N).
The S/N variations between the pipelines are re-
lated to the different algorithms used for the PSF
subtraction and therefore to the different level and
distribution of residuals in the final images. In all
cases, the signal is unambiguously detected and
confirms the recovery of HD 95086b in our June
2013 data. As an additional check, with the IPAG-
ADI pipeline, we injected artificial planets in the
raw data at the same separation but different posi-
tion angles and assuming the brightness measured
in the following section. Each fake planet was de-
tected in the residual maps generated with the
same S/N as HD95086b. Moreover, the probabil-
ity that the signal is a residual speckle is very low
since the explored parallactic angles strongly differ
from one to another dataset between the different
epochs: [−7.6; 17] deg in 11-02-2012, [3.2; 28.2] deg
in 14-04-2013, and [29.6; 58.9] deg in 27-06-2013.
Hence, a real, physical object is redetected with
a good confidence level from the latest dataset.
3.2. Astrometry and photometry
Table 3: Relative astrometry and photometry of
HD 95086b and the background source (bkg star).
Date Sep. PA ∆L ’
(mas) (deg) (mag)
bkg star
11-01-2012 4540 ± 15 319.03± 0.25 6.2± 0.2
14-03-2013 4505 ± 16 319.42± 0.26 6.1± 0.2
27-06-2013 4480 ± 14 319.52± 0.25 6.0± 0.3
HD95086 b
11-01-2012 624 ± 8 151.8± 0.8 9.79± 0.40
14-03-2013 626 ± 13 150.7± 1.3 9.71± 0.56
27-06-2013 600 ± 11 150.9± 1.2 9.2± 0.8
Since the first two measurements of the prob-
able planet were done within sADI residual maps
with the IPAG-ADI pipeline, we used the same
reduction algorithm to characterize the present
dataset. We estimated a separation of 600±11mas
and a position angle of 150.9± 1.2 deg. The other
pipelines give similar values, all consistent within
20 mas and 1 deg. Figure 2 shows the relative po-
sition of the star with respect to HD95086 from
each epoch at L ’, and also the track and positions
assuming a fixed background object. The posi-
tion of the companion lies in the same region as
the first two epochs and strongly excludes a back-
ground object with a χ2 probability of 10−16. The
point-source is thus comoving with the star.
As done in the discovery paper, we used the
4.5 ′′ background star visible in the field-of-view
to ascertain our astrometric measurements. Us-
ing Moffat-fitting on co-added (no ADI process-
ing) residual images, we estimated the separa-
tion of 4.480 ± 0.014 ′′ and a position angle of
319.52±0.25 deg. Our original measurements from
January 2012 and March 2013, showing that the
point source is a stationary background object,
are corroborated by the third point in Figure 2.,
which lies very close to the expected position of
June 2013. Therefore, the background star con-
firms our ability to assess or exclude background
behavior with high precision.
The photometric measurement on HD95086b
is ∆L ′ = 9.2 ± 0.8 mag, of consistent in all
pipelines and with previous estimates.
4. Conclusions and prospects
New observations of HD 95086 were carried
out with exactly the same instrumental set-up
as the discovery paper, namely at L ’-band with
VLT/NaCo in ADI mode. We applied five dif-
ferent, independent pipelines to reduce the data.
Each of them led to the confirmation of the point-
source to the south-east of the star. Precise as-
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trometric measurements showed the signal is not
a background object with a probability of 10−16.
HD 95086b is therefore a companion comoving
with its host-star.
From the three set of data, we revised the
mass and projected separation of the planet.
With ∆L ′ = 9.79 ± 0.40 mag in January, 2012,
9.71 ± 0.56 in March, 2013 and 9.2 ± 0.8 in
June, 2013, we estimate its absolute magni-
tude is ML = 11.5 ± 1.1mag. From the BT-
Settl models (Allard et al. 2012) which have been
shown to be consistent with the red colors of
the planet (Meshkat et al. 2013b), the luminos-
ity corresponds to a mass of 5 ± 2 MJup at
17±4 Myr. We remind that “warm-start” models
(Spiegel & Burrows 2012; Marleau & Cumming
2013) might predict a higher mass (we could only
derive a lower limit of 3 MJup, see Rameau et al.
2013). With a predicted effective temperature of
1000 ± 200K, surface gravity of 3.85 ± 0.5 dex,
and very red colors, HD 95086b has a cool and
dusty atmosphere where the effects of possible
non-equilibrium chemistry, reduced surface grav-
ity, and methane bands in the near infrared might
be explored in the future. Follow-up observations
at different wavelengths, out-of-reach for current
facilities, allow characterization of its atmosphere.
With a separation of 623.9±7.4 mas in January,
2012, 626.1±12.8 mas in March 2013 and 600±11
mas in June, 2013, the projected distance to the
host-star is 55.7 ± 2.5 AU. Recently, Moo´r et al.
(2013) published resolved Herschel images of a
debris disk surrounding the star, extending out
to 270 AU, with a possible inclination of about
25 deg. Based on multi-wavelength observations,
they built the spectral energy distribution and
adopted, as a best-model, a two-component disk at
6 and 64 AU. However, at this stage of modeling,
it is not certain whether the disk is best repre-
sented by a single or this specific two-component
models. If the gap size and positions of the rings
are reals, then we can study the properties and in-
fluence of HD 95086b on the disk structure. The
physical distance of HD 95086b would be about
61.5 AU, very close to the radius of the outer-cold
belt. It might sculpt the inner edge of the belt
if its chaotic zone ((Wisdom 1980)) overlaps the
belt. Assuming the case of a circular orbit for the
planet and planetesimals, Wisdom (1980) showed
that the ring inner edge is located at a separa-
tion from the planet δa according to the relation
δa/a = 1.3(Mp/Ms)
2/7, where a is the semi-major
axis of the orbit of the planet,Mp its mass, andMs
the host star mass. The relation is satisfied within
the uncertainties of all parameters. Therefore,
HD 95086b might be responsible for the inner edge
of the outer belt. Further orbital monitoring will
provide information on the planet’s orbital eccen-
tricity and may support this hypothesis if the ec-
centricity is very small. However, the planet can-
not sustain the whole gap alone since its chaotic
zone is too small to reach the inner belt at 6 AU.
The presence of additional planets within the gap
is required, as for HR8799 (e.g., Su et al. 2009).
In the discovery paper (Rameau et al. 2013), we
excluded from our sensitivity limits, the presence
of any planet more massive than 5 MJupbeyond
about 38 AU, assuming the inclination of the disk.
One might speculate on the number and character-
istics of these additional planets from the Wisdom
(1980) relation. Then at least three planets would
be needed around 10, 20, and 35 AU, on circular
orbits. Further deep observations of the system
with next-generation planet imagers might reveal
these closer-in planets and further observations of
the disk might constrain its physical characteris-
tics. Nevetheless, these are speculations on how
to maintain such a wide gap since we do not know
neither the true semi-major axis of HD 95086b nor
whether the disk has really two separate belts.
Finally, a possible in-situ formation of HD 95086b
might be explained with a disk instability scenario
(Cameron 1978; Boley 2009; Rafikov 2009) or peb-
ble accretion (Lambrechts & Johansen 2012). If
formed closer to the star, the presence of more
massive companions would be required to ex-
cite mean-motion resonances and thus induce
planet-planet scattering (Scharf & Menou 2009;
Veras et al. 2009). Again, future deep obser-
vations might reveal these additional close-in
planets. Another scenario would be planet-disk
interaction (Papaloizou et al. 2007; Crida et al.
2009) through outward migration. These scenar-
ios might be tested also through orbital monitor-
ing showing eccentricity and/or structures in more
resolved images of the disk.
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Fig. 1.— Residual maps of VLT/NaCo images at L ′-band, revealing HD95086b at South-East (arrow). A
direct comparison between the pipelines through the S/N is not valid due different noise distributions that
are produced. The planet PSF also appears of different sizes due to different cuts and different levels of
self-subtraction. Top-left: IPAG-cADI reduction from June 26; S/N ≃ 4 due to the small field rotation but
good stability. Top-central: IPAG-sADI reduction from June 27; S/N ≃ 7. Speckles at North-East and
North-West are strong spike-residuals but at a different separation from the central star than the planet.
Top-right: PCA reduction following Boccaletti et al. (2012) using seven coefficients over 534; S/N ≃ 6.
Bottom-left Adapted-PCA from Meshkat et al. (2013a) using 16 coefficients over 185, S/N ≃ 5. Bottom-
central: A-LOCI from Currie et al. (2012) where the source is masked over a box of 10 px in width;
S/N ≃ 13. Bottom-right: Pynpoint (Amara & Quanz 2012) using 40 coefficients over 15172, S/N ≃ 7.5.
Note Pynpoint doubles the sampling resolution but it has been rescaled to normal for display purpose.
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Fig. 2.— Relative separations between the central star and the companion or background source, in right
ascension (α) and declination (δ). The position measured in 27-06-2013 is over plotted in blue, and the
expected position, if the point-source is a fixed background object, is plotted in yellow/red. Previous
measurements from Rameau et al. (2013) are also reported. Left: Case of the background star. Right:
Case of HD 95086b. The 27-06-2013 position lies very close to previous positions and strongly differs from
the expected position of a fixed background object.
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